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INTRODUCTION 
The remote  s e n s i n g  of symptoas of p a t h o l o g i c a l  c o n d i t i o n s  i n  v e g e t a -  
t i ve  c a n o p i e s  such  a s  Sou thern  Corn Leaf B l i g h t  depends  upon a c o n s i s t e n t  
r e l a t i o n s h i p  between t h e  p a t h o l o g i c a l  symptoms and t h e  r e m o t e l y  sensed  
e f f e c t s .  The u s e  of t r a i n i n g  sets show o n l y  t h a t  i n  p a r t i c u l a r  c a s e s ,  
and a t  a  p a r t i c u l a r  t i m e ,  a  c e r t a i n  p a t h o l o g i c a l  c o n d i t i o n  o c c u r s  con- 
c u r r e n t l y  w i t h  some remote ly  sensed  e f f e c t .  There  may b e  no n e c e s s a r y  
c o n n e c t i o n  between them. The u s e  of a  m a t h e m a t i c a l  model t o  p r e d i c t  t h e  
remote ly  s e n s e d  e f f e c t  from t h e  fundamental  b i o l o g i c a l  c a u s e s  a l l o w s  one  
t o  e s t a b l i s h  t h e  expec ted  c o n s i s t e n c y  between t h e  c o n d i t i o n s  and t h e  s e n s e d  
e f f e c t s  a s  w e l l  a s  t o  p r o v i d e  i n s i g h t  l e a d i n g  t o  t h e  b e s t  r emote  s e n s i n g  
t e c h n i q u e s  t o  u s e  f o r  a  p a r t i c u l a r  a p p l i c a t i o n .  
A new method of c a l c u l a t i n g  t h e  d i r e c t i o n a l  r e f l e c t a n c e  of a  v e g e t a -  
t i v e  canopy (1) h a s  been used t o  c a l c u l a t e  t h e  d i r e c t i o n a l  s p e c t r a l  r e -  
f l e c t a n c e  of a  c o r n  canopy under  s t r e s s ,  The comparison of p r e d i c t e d  
r e f l e c t a n c e  w i t h  f i e l d  measurements i n d i c a t e  t h a t  t h e  model i s  s u f f i c i e n t l y  
a c c u r a t e  when a p p l i e d  t o  c o r n  f i e l d s  t o  w a r r a n t  t h e  u s e  of t h e  madel f o r  
a p p l i c a t i o n  t o  o t h e r  c o n d i t i o n s .  The p r e d i c t i o n  of t h e  e x p e c t e d  r e f l e c -  
t a n c e  d i f f e r e n c e s  between a  h e a l t h y  and a  b l i g h t e d  one-month o l d  c o r n  f i e l d  
i l l u s t r a t e s  t h e  a p p l i c a t i o n  t o  o t h e r  c o n d i t i o n s .  
THE CANOPY MODEL CONCEPTS 
A v e g e t a t i v e  canopy h a s  been i d e a l i z e d  bg assuming t h a t  any v e g e t a -  
t i v e  canopy,  such  a s  a n  a g r i c u l t u r a l  c r o p ,  can b e  r e p r e s e n t e d  by s e v e r a l  
l a y e r s  of uniform b u t  randomly d i s t r i b u t e d  b i o l o g i c a l  components a s  shown 
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i n  F i g u r e  1. For example, a  c o r n  f i e l d  might  c o n s i s t  of t h r e e  l a y e r s ,  t h e  
top  l a y e r  c o n t a i n s  t a s s e l s ,  t h e  second l a y e r  c o n t a i n s  t h e  main body of t h e  
c o r n  p l a n t ,  and t h e  bottom l a y e r  c o n t a i n s  a  dead l e a f  r e g i o n  o r  a  b l i g h t e d  
r e g i o n .  The canopy i s  bounded on t h e  bot tom by t h e  s o i l .  
The b i o l o g i c a l  components which e x i s t  i n  t h e s e  l a y e r s  a r e  i d e a l i z e d  
a s  shown i n  F i g u r e  2 .  The h o r i z o n t a l  and v e r t i c a l  p r o j e c t i o n  of l e a v e s ,  
f o r  example, r e p l a c e  t h e a c t u a l  l e a f .  The accumula t ive  h o r i z o n t a l  pro-  
j e c t i o n  l e a d s  t o  t h e  q u a n t i t y  c a l l e d  t h e  h o r i z o n t a l  l e a f  a r e a  index  w h i l e  
t h e  accumula t ive  v e r t i c a l  p r o j e c t i o n  l e a d s  t o  a  q u a n t i t y  c a l l e d  t h e  v e r t i -  
c a l  l e a f  a r e a  index  f o r  each l a y e r .  The s p e c t r a l  p r o p e r t i e s  of t h e  p ro-  
j e c t i o n s  a r e  o b t a i n e d  from t h e  s p e c t r a l  p r o p e r t i e s  of t h e  b i o l o g i c a l  com- 
ponen ts .  These v e r t i c a l  and h o r i z o n t a l  i n d i c e s ,  t h e i r  s p e c t r a l  p r o p e r t i e s ,  
t h e  number of l a y e r s  and t h e  s o i l  r e f l e c t a n c e  p r o v i d e  a n  i d e a l i z e d  p h y s i c a l  
d e s c r i p t i o n  of t h e  v e g e t a t i v e  canopy which i s  a l l  t h a t  is  r e q u i r e d  t o  c a l -  
c u l a t e  t h e  s p e c t r a l  r e f l e c t a n c e  of t h e  canopy under any c o n d i t i o n s  of 
i l l u m i n a t i o n  and f o r  any a n g l e s  of v iew.  
VERIFICATION OF THE MODEL PREDICTION 
The s t r u c t u r e  and c o n t e n t s  of two mature  c o r n  f i e l d s  a t  Michigan S t a t e  
U n i v e r s i t y  were measured and t h e  c a l c u l a t i o n  of t h e  expec ted  d i r e c t i o n a l  
s p e c t r a l  r e f l e c t a n c e s  were made on t h e  b a s i s  of t h e s e  measurements.  Three  
sample p l a n t s  i n  each  f i e l d  were used f o r  measurements.  F i g u r e  3 shows 
t h e  summary of t h e  measurements,  F i e l d  B d a t a  i s  on t h e  l e f t  and F i e l d  G 
d a t a  i s  on t h e  r i g h t .  Each f i e l d  i s  d i v i d e d  i n t o  two l a y e r s ;  t h e  d a t a  f o r  
t h e  top  l a y e r  (number one) i s  on t h e  l e f t  and t h e  bottom l a y e r  (number two) 
i s  on t h e  r i g h t .  Each l a y e r  c o n t a i n s  a n  accumula t ive  h o r i z o n t a l  i n d e x  on 
t h e  l e f t  and a  v e r t i c a l  index  on t h e  r i g h t .  F i n a l l y ,  each i n d e x  t y p e  i s  
d i v i d e d  i n t o  t h e  s p e c t r a l  t y p e s ;  t h e  g r e e n  h e a l t h y  l e a f  m a t e r i a l  i s  shown 
i n  c r o s s  h a t c h  b a r  on t h e  l e f t ,  t h e  c h l o r o t i c  m a t e r i a l  is  shown by t h e  
c l e a r  b a r ,  t h e  n e c r o t i c  m a t e r i a l  i s  s h o ~ ~ r n  by t h e  b l a c k  b a r ,  and t h e  s t a l k  
m a t e r i a l  i s  shorm by t h e  v e r t i c a l  l i n e d  b a r .  
Both f i e l d s  a r e  Texas -male - s te r i l e  corn  w i t h  abou t  21,000 p l a n t s  p e r  
a c r e .  F i e l d  B i s  a n  u n b l i g h t e d  f i e l d  b u t  i s  under d rought  s t r e s s  which 
was t h e  p r e v a i l i n g  c o n d i t i o n  i n  s o u t h e r n  Plichigan d u r i n g  t h e  growing season  
of 1971. F i e l d  G i s  b l i g h t e d  by Southern  Corn Leaf B l i g h t  t o  a n  e s t i m a t e d  
b l i g h t  l e v e l  of 3 b u t  t h e  f i e l d  is  a l s o  under i r r i g a t i o n .  The d i f f e r e n c e  
i n  c h a r a c t e r  of t h e s e  two t y p e s  of s t r e s s  a r e  made m a n i f e s t  by t h e s e  s t r u c -  
t u r a l  measurements.  Note t h e  e x t e n s i v e  n e c r o t i c  m a t e r i a l  i n  l a y e r  two of 
f i e l d  G caused by t h e  b l i g h t .  Compare, a l s o ,  t h e  v i g o r  of l a y e r  one of 
f i e l d  G t o  l a y e r  one of f i e l d  R. T h i s  d i f f e r e n c e  i s  due t o  t h e  e f f e c t s  
of i r r i g a t i o n  i n  f i e l d  G .  
It  i s  n o t  d i f f i c u l t  t o  f o r e s e e  t h e  consequences  of t h i s  s t r u c t u r e  i n  
i n f l u e n c i n g  t h e  s p e c t r a l  r e f l e c t a n c e  of t h e  canopy. The t o p  l a y e r  w i l l  
t end  t o  be  dominant s o  t h a t  f i e l d  G w i l l  have a  s p e c t r u m ' o f  a  n e a r l y  h e a l t h y  
undroughted f i e l d  w h i l e  f i e l d  B w i l l  have a  spec t rum i n  which t h e  lower 
l a y e r  and s o i l  w i l l  c o n t r i b u t e ,  
The comparison between t h e  p r e d i c t e d  d i r e c t i o n a l  r e f l e c t a n c e  and the 
measured d i r e c t i o n a l  r e f l e c t a n c e  f o r  two p o l a r  v iewing  a n g l e s ,  OD and 45", 
a r e  shorm i n  F i g u r e  4 f o r  f i e l d  B and F i g u r e  5 f o r  f i e l d  G .  The c o r r e s -  
pondence i s  good between p r e d i c t e d  and measured s p e c t r a  i n d i c a t i n g  t h a t  
t h e  model of b i o l o g i c a l  s t r u c t u r e  and c o n t e n t  a c c o u n t s  f o r  t h e  major  c a u s e s  
o f  t h e  remote ly  sensed  e f f e c t s .  
APPLICATIONS TO HYPOTHETICAL CASES 
I n  o r d e r  t o  i l l u s t r a t e  what can b e  done w i t h  a  p r e d i c t i v e  d i r e c t i o n a l  
r e f l e c t a n c e  model,  suppose one wished t o  know what t h e  r e f l e c t a n c e  of a  
b l i g h t e d  f i e l d  of Texas -male - s te r i l e  c o r n  would b e  l i k e  one month a f t e r  
p l a n t i n g  and i n  what way t h a t  r e f l e c t a n c e  would d i f f e r  from t h e  r e f l e c t a n c e  
of a s i m i l a r  b u t  u n b l i g h t e d  f i e l d .  The p rocedure  which was fo l lowed  by t h e  
a u t h o r s  was t o  grow greenhouse samples ,  t o  make geomet r ic  measurements on 
t h e s e  p l a n t s ,  and t o  i n t r o d u c e  t h i s  d a t a  i n t o  t h e  p r e d i c t i v e  model.  Natu- 
r a l l y ,  f o r  r e a l i s t i c  r e s u l t s ,  t h e s e  sample p l a n t s  must be  grown under  such  
c o n d i t i o n s  t h a t  t h e y  w i l l  b e  p h y s i o l o g i c a l l y  e q u i v a l e n t  t o  f i e l d  grown 
p l a n t s .  
The s t r u c t u r a l  measurements of r e p r e s e n t a t i v e  p l a n t s  a t  t h e  age  of 
one  month were begun on A p r i l  5,  1971, twenty-four h o u r s  a f t e r  i n o c u l a t i o n  
w i t h  HeXmbdha~pohium vnaydi4 (Sou thern  Corn Leaf B l i g h t )  . Data  from a 
c o n t r o l  p l a n t  which remained u n i n o c u l a t e d  were  a l s o  t a k e n .  F i g u r e  6 shows 
t h e  p r o g r e s s i o n  of t h e s e  measurements a s  o b t a i n e d  on A p r i l  5 ,  9 ,  and 12 .  
The d a t a  l a b e l e d  C-2 i s  o b t a i n e d  from c o n t r o l  p l a n t  number two; t h e  d a t a  
l a b e l e d  1-2 i s  from i n o c u l a t e d  p l a n t  number two. T o t a l  l e a f  a r e a s  a r e  
p l o t t e d  t o  t h e  r i g h t  of t h e  cor responding  d a t a  g r a p h s .  The c r o s s - h a t c h  
coding i s  t h e  same as used b e f o r e  i n  F i g u r e  3 .  The v i g o r o u s  growth of t h e  
h e a l t h y  p l a n t ,  C-2, i s  i n  s h a r p  c o n t r a s t  t o  t h e  r e t a r d e d  growth of 1-2. 
Note  a l s o  t h e  change i n  t h e  r a t i o s  of h o r i z o n t a l  t o  v e r t i c a l  l e a f  a r e a s  
i n d i c a t i v e  of i m p o r t a n t  g e o m e t r i c a l  o r i e n t a t i o n  changes  of t h e  l e a v e s  i n  
1-2. 
The comparison of p r e d i c t e d  r e f l e c t a n c e s  of a  f i e l d  of C-2 and a f i e l d  
of 1-2 w i t h  21,000 p l a n t s  p e r  a c r e  i s  shown i n  F i g u r e  7 .  I n  t h e  i n f r a r e d  
r a n g e ,  t h e  d i f f e r e n c e  i n  r e f l e c t a n c e  i s  modest b u t  s i g n i f i c a n t ;  however, 
n o t i c e  t h a t  t h e  d i f f e r e n c e  due p u r e l y  t o  p o l a r  v iewing  a n g l e  i s  g r e a t e r  
t h a n  the d i f f e r e n c e  between b l i g h t  and h e a l t h y  f i e l d s .  l h i l e  b l i g h t e d  
f i e l d s  viewed a t  0' a r e  d a r k e r  than  h e a l t h y  f i e l d s  a t  t h a t  same v iewing  
a n g l e ,  t h e  b l i g h t e d  f i e l d  viewed a t  50' p o l a r  a n g l e  is  b r i g h t e r  t h a n  t h e  
downward view of h e a l t h y  f i e l d s .  Thus, a  remote s e n s i n g , s y s t e m ,  which i s  
based  upon t h e  assumption t h a t  b l i g h t e d  f i e l d s  a r e  always d a r k e r  i n  t h e  
i n f r a r e d  than  h e a l t h y  f i e l d s ,  would m i s c l a s s i f y  f i e l d s  i f  t h e  h e a l t h y  f i e l d  
were  a t  0" and t h e  b l i g h t e d  f i e l d s  were a t  50'. 
The r e f l e c t a n c e s  i n  t h e  c h l o r o p h y l l  a b s o r p t i o n  band n e a r  0.67 pm behave 
q u i t e  d i f f e r e n t l y .  I n  t h i s  band, t h e  d i f f e r e n c e  between r e f l e c t a n c e s  of 
b l i g h t e d  f i e l d s  and h e a l t h y  f i e l d s  is  g r e a t e r  t h a n  t h e  d i f f e r e n c e s  d u e  t o  
v iewing  a n g l e  s o  t h a t  one could  r e l y  upon t h e  b l i g h t e d  f i e l d s  a lways b e i n g  
b r i g h e r  t h a n  t h e  h e a l t h y  f i e l d s  by a c o n s i d e r a b l e  margin .  
A new way of c a l c u l a t i n g  t h e  d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  of a 
v e g e t a t i v e  canopy h a s  been a p p l i e d  t o  c o r n  f i e l d s  under s t r e s s  c o n d i t i o n s .  
The p r e d i c t e d  and f i e l d  measured s p e c t r a  a r e  i n  good agreement s o  t h a t  
p r e d i c t e d  s p e c t r a  f o r  h y p o t h e t i c a l  c a s e s  can be t r u s t e d  t o  i n d i c a t e  s i g n i -  
f i c a n t  d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  p r o p e r t i e s  which may b e  u s e f u l  i n  
a p p l y i n g  remote  s e n s i n g  t e c h n i q u e s  t o  a  v a r i e t y  of v e g e t a t i v e  c a n o p i e s  and 
a i d  i n  i n t e r p r e t i n g  t h e  r e s u l t s .  
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FIGURE 1. IDEALIZED LAYER STRUCTURE OF A 
CANOPY. Each layer  represents  a uniform mixture 
of biological elements  normally found a t  that level in 
the vegetative canopy. 
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FIGURE 2. ORTHOGONAL PROJE CTIONS MAKING 
IDEALIZED BIOLOGICAL COMPONENTS. The hori- 
zontal projections taken together l ead '  to  a quantity 
called the horizontal leaf a r ea  index. The vertical 
projections taken together lead to a quantity called 
the vertical leaf a r e a  index. 
"
 
L
ay
er
 1
 
I I
 
L
ay
er
 2
 
1 
1 
L
ay
er
 1
 
I I
 
L
~
y
e
r 2 
1 
FI
E
L
D
 B
 
FI
E
L
D
 G
 
FI
G
U
R
E 
3.
 
ST
R
U
C
TU
R
A
L 
M
EA
SU
R
EM
EN
TS
 O
F 
TW
O
 M
A
TU
R
E 
C
O
R
N
 F
IE
L
D
S.
 
L
ay
er
 1
 
is
 t
he
 t
op
 l
ay
er
; l
ay
er
 2
 is
 t
he
 b
ot
to
m
 l
ay
er
. 
T
he
 h
or
iz
on
ta
l 
a
n
d 
v
e
rt
ic
al
 le
af
 a
r
e
a
 in
di
ce
s 
fo
r 
e
a
c
h 
la
ye
r 
a
r
e
 s
ho
w
n 
by
 b
ar
 g
ra
ph
. 
C
ro
ss
 h
at
ch
ed
 i
s 
gr
ee
n 
he
al
th
y 
m
a
te
ri
al
; 
c
le
ar
 i
s 
c
hl
or
ot
ic
 m
a
te
ri
al
; 
bl
ac
k 
is
 n
e
c
ro
ti
c 
in
at
er
ia
l;
 a
n
d 
v
e
rt
ic
al
 h
at
ch
ed
 i
s 
s
ta
lk
 m
a
te
ri
al
. 
FIGURE 4. FIELD B SPECTRAL REFLECTANCE. The predicted 
and measured directional spect ra l  reflectance of MSU corn field B 
is shown.for the day 8-24-71. The field is under drought s t r e s s .  
It contains Texas-male-steri le corn with about 21,000 plants pe r  
a c r e .  The canopy is about 2 me te r s  high. The sun is 38' f r o m  
zenith. The azimuth of view i s  160' relat ive to  the sun (azimuth 
of O0 means  sun at obse rvers  back). The calculated solid curve i s  
for  polar  view angle of O O ;  the calculated dashed curve is for  polar  
view angle of 45'. Field m e a s u r e n ~ e n t s  corresponding to the 00 
view angle a r e  designated by 0. The field measurements  for  the 
450 view angle a r e  designated by x. 
FIGURE 5. FIELD G SPECTRAL REFLECTANCE. The predicted 
and measured directional reflectance of MSU corn  field G is shown 
for day 8-13-71. The field is under i r r igat ion but a l so  under level  
3 Southern Corn Leaf Blight s t r e s s .  It contains Texas-male- 
s t e r i l e  corn,  21,000 plants p e r  a c r e  at a height of about 2 mete r s .  
The sun is 38O from zenith. The azimuth of view is 90° (at r ight 
angles to  the direction of so la r  flux). The calculated solid curve is 
for  polar view angle of 00; the calculated dashed curve is for  polar 
view angle of 450. Field measurements  corresponding to view 
angles of O0 and 450 a r e  designated by 0 and x respectively.  
Total Leaf Area,  1-2 
FIGURE 6. STRUCTURAL PROGRESSION OF GROWTH O F  YOUNG CORN. 
Two one month old corn plants,  C-2 and 1-2, were measured  beginning one 
day a f t e r  1-2 was innoculated with Southern Corn Leaf Blight, April 5,  9 ,  
and 12. C r o s s  hatched b a r s  show a r e a s  of green  healthy ma te r i a l ;  c lear  
b a r s  show a r e a s  of chlorotic ma te r i a l ,  and  black bars show a c r e s  of 
necrot ic  mater ia l .  
FIGURE 7. PREDICTED SPECTRAL REFLECTANCES O F  
YOUNG CORN. The calculations assumed a polar sun angle 
of 50°, a polar view angle of O0 (solid curves) and 50° (dashed 
curves)  and a viewing azimuth relative to  the sun of 45'. The 
smooth curves a r e  for a field of plants like C-2; the rough 
curves a r e  for  a field of plants like 1-2 8 days after innocula- 
tion. Plant density is assumed to  be 21,000 per  a c r e  on the 
soil type found a t  the Michigan State University Agricultural 
Experiment Station. 
